PO OO OO IIPIISSISISOSSSISIOEISISIESS

ey

<

UNCLASSIFIED

DEFENSE INFORMATION SYSTEMS AGENCY
Q%?%%ﬁ? W@@%’%?@ ﬁﬁi%@ INFORMATION QQ%?E%

ROAD. SUITE 094

A 22060~ s‘;/"i:?

GZ68G 1




b

s,
o

v
el




.

.
o

P
8L o

¥ .
N

7

v

1

173030

|

SPAWAR SYSTEMS CTR LIBRARY

I G A N I A S R S P I S G P NP P SN AP A W A B B S A N A N BN A T |



EEII o,

.

“Schafiule of Exocutive Ocder 11652
Exsinpticn Category: 3

6

MmO ‘ NUC TP #5

A

DIGITAL COMPUTER SIMULATION
OF THE DYNAMICS OF
. A TORPEDO-LIKE VEHICLE (U)

by

; R. H. Brim
Ll F. C. Marshall

Undersea Systems Department
August 1973




B B X B B B N
| il

UNCLASSIFIED on A it

A

NAVAL UNDERSEA CENTER, 84N DIBGO, CA. 02132

AN ACTIVITY OF THE NAVAL MATERIAL COMMAND
ROBERT H. GAUTIER, CAPT, USN Wm. B. McLEAN, Ph.D.

Commander Techmical Director

ADMINISTRATIVE STATEMENT

(U) The work reported herein was performed under $2334130 TA
15277 by NAVSHIPS, over the period March 1971 to June 1972.

Released by: Under authority of:

D. D. AYERS, Head C. G. BEATTY, Head

Torpedo and Countermeasures Undersea Systems
Division Department

NATIONAL SECURITY INFORMATION

Unauthorized disclosure subject to criminal sanctions

i UNCLASSIFIED




UNCLASSIFIED

(U) SUMMARY

PROBLEM

Develop a good model of the dynamics of the Mk §7, Mobile Submarine Simulator
(MOSS).

RESULTS

This study has developed:

o A model for nonlinear hydrodynamic behavior for long slender bodies.
. Good modeling results for dives and climbs, straight runs and low-rate turns.
- A good model of the MOSS control system.

RECOMMENDATION

Work should be continued to determine cause of control anomaly during high-rate
furns.
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SECTION 1
INTRODUCTION

BACKGROUND

Mobile Submarine Simulator (MOSS). T
the dynamics of the vehicle, the effects

quations of motion; it s g ork. Section 2 also describes the
derivation of hydrodynamic coefficients, By means of some rather basic assumptions about
hydrodynamic effects, refinement has been attempted to adequately describe the motion of
slow vehicles with a Ia i r ratio, 2/d. The refinements are applicable to
other torpedo bodies, i i ption of the Mobile Submarine Simulator com-
Ppredecessor of the Mk 57.
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SECTION 2
EQUATIONS OF MOTION

INTRODUCTION

{U) The equations of motion for a torpedo-like body were presented in their most
general form by L. Lopes, (Ref. 1), in which s detailed description of the derivation of the
motion equations is given. The basic equations used in this report, except for a few modifi-
cations are identical to those Lopes developed; however, a summary of their derivation is
included here for completeness.

(U) The environment and the torpedo system itself suggest some sssumptions that
help to simplify the derivation. The medium through which the body moves is typically
fluid, such as the ocean, and relatively large in extent. Thus, it is reasonable to assume that
the motion of the earth has negligible effect on the trajectory of the body and also that the
medium is at rest except for motion caused by the body. An inertial coordinate system is
chosen such that the earth’s susface is tangent to the x-y plane and the z-axis is pointed ver-
tically downward. The reference frame is a right-handed system with the coordinate vectors
Xgs Yoo 2o arranged as shown in fig. 1. For convenience, a coordinate system fixed io the .
body is used to express the forces and moments that the body experiences. The body coor-
dinate system is represented by x, v, and z in fig. 1. The angles 6, ¥, and ¢ define the orien-
tation of the body coordinate system to the inertial reference frame; thus the trajectory of
the body in the inertial reference frame can be found from the forces and moments expressed
in the bady coordinate system by a coordinate transformation.

(U) Torpedo-like bodies are typicaily rigid and assumed to be symmetric with respect
to the longitudinal axis. The additional assumption that they are of constant mass will be
made for the purpose of simplifying the equations of motion. This assumption is very good
for electrically driven bodies such as the Mobile Submarine Simulator discussed in this report.
However, for torpedocs that rely on some type of combustible fuel as their propellant, this
assumption may not be valid and the motion equations must be altered accordingly.

-» %o

Yo

L vy \d

Zy z
(U) Figure 1. Coordinate orlentation
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- MOTION EQUATIONS

{U) Using the assumptions discussed above, the total body force, F, and moment, L,
can be written in terms of linear momentum, G, and angular momentum, H

= 9G
e T

dH
L=
= dt

The total force and moment, expressed in the body coordinate system moving with a velocity
V and rotating with an angular velocity <, written with respect to the inertial coordinate sys-

tem are:

F=G+yuXxg

L=H+wXH+VXG

(U) The linear and angular body momenta, G and H, can be expanded in terms of
the total kinetic energy, T, if T is written in terms of the components of V and w in the body

reference system.
- T
G=4i ™
aT aT
= § — 4§ S04
H=jgo+ig
where
V = ju+jv+kw
w = _ip +jq +kr

(U) The kinetic energy,

velocity vj, where

i = V4rwXyg

in the body reference frame, and r; is the radius vector from the center of the body coordi-

nate system to the mass particle m;. Thus, the body kinetic energy can be written as a sum
of the kinetic energy of each mass particle

Ty = 1/2Zmlvi2

aT
4+ § = —_
‘i‘av+kaw
(3)
g 2T
- or

T, is the sum of the body kinetic energy, Tb, and the kinetic
energy of the fluid, Ty The body kinetic energy is simply one-half the mass times the veloc-
ity squared. The body is a rigid collection of mass particles m;, and each particle has a

(1)

(2)

@)

(5)

{6)
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Let r; have body coordinates X4, ¥j» 2;. Then Ty, can be expanded to:

2Tb = 2mi [u2 FY V2 % w2 % (yi2 s ziZ)pz 4+ (xi2 4 li2)q2
+ (3&12 + yiz)rz + 2uqz; + 2vrx; ~ 2ury; - 2qry;z )

- 2vpz - 2rpxz; + 2wpy; - 2wax; - 2pgx;y;)

By making the following definitions for momenta and products of inertia, the eguation can
be simplified somewhat.

Im; = m body mass
m; v;2 + 52
Tmy ("i2 + zi2) momenta of inertia
Em; (x;% + yiz)
Imyizg = ly,
Tm; xjzy = Iy, products of inertia
Zm; xyy; = l,‘y

Zm; x; = mxg

XG: Y- and zg; are the coordinates

;Y m
Zm;y; Y of the body center of gravity.

Zm;z; = mag )

2Ty = mu? + mv2 +.mw2 + prz + lyq2 + lzr2

+ 2mzguq - 2mygur - Zlyzqr + 2magyr - 2mzgvp
= 2xtp + 2myGwp - 2mxgwq - 21,y P8

(U) The kinetic energy of the fluid, T ¢> ¢an be predicted from ideal fluid flow theory
if it is assumed that the body is fully wetted and that the medium approximates an ideal
fluid. From Lopes’ report (Ref. 1) T can be expressed as a surface integral over the potential
function ¢.

Tr=-1/2p [¢3Las ©®
8

where ¢ is the potential function for the flow of the fluid produced by the motion of the
body and n is a unit vector normal to the surface of the body.
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¢ = ug) +vgy + w3 +py + qds + rég
Substituting ¢ into Eq. (9) yields the quadratic form for Tg:

[a11 212213 214815316 ] [u]
23] a3 8y3 834 835 8¢ v
83| 83 a33 434 835 836 w
2Tg = [uvwpaqr] (an
841 842 843 844 845 846 P
B5] 857 853 854 855 456 q
861 862 363 864 865 866 ] LT

where

[
[~
fl

o9,
-0 f¢i -a—l-.lids
8 (12)
i=1,...,6, }j=1,...,6

From Green’s theorem a;; = ;; thus the matrix is symmetric.
(U) The equation for Ty can be simplified somewhat by considering body symmetry.
Typically, torpedo-like bodies are cylindricai in shape; thus they are at least roughly sym-
. " metrical with respect to the x-z and x-y planes. Now consider that the body is translating in
. the x-y plane, which means that the only non-zero velocity components are u and v. Then
the kinetic energy of the fluid reduces to:

Tf = a||u2+la|2uv+|22v2 ’ {13)

t The symmetry of the body requires that the kinetic energy be unchanged if v is replaced by

-v. Therefore aj9 = 0. A similar argument can be used to show that all the other off-diagonal
elements of the matrix are zero, except for those that represent coupling in the non-
symmetrical plane, i.e., the y-z plane. Those elements are 85, 835, 853, and ag- Therefore,
the equation for the kinetic energy of the fluid can be written as:

,,@'”

e
.
i

My = ajy u? +agy vi+agzwltagy p? +ag5 q
(14)

T +agg 2+ 2a3g wq + 2296 V1
The total kinetic energy, T, is the sum of the kinetic energy of the fluid, Ty, and the body
kinetic energy, Ty,: . )

IT = (m+aj ) u2 +(m+agyvZ +(m +a33)w? + (I, +ag4)p°
+(ly + ass)q2 +(1,+ ‘66)"2 +2mzguq + (mxg +agg)2vr as)
+ 2myGwp - 2mygur - 2lyzqr - 2mzgvp x,
= 2ly,tp + (a3s - mxG)2wq - 20,y pq
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From Eq. (3) the components of momentum in the body reference frame are:
(m+ayp)u+mzgq-mygr

= (m+a99) v+ (mxg +ayg) r - mzp

= (m+agzz)w+mygp*(azgg~-mxglq

= (Ix+2844) p+ mygw -mzgv=1,r-Iyq

(Iy +ags) q + mzgu - ly,r +(agg - mxg)w = Iyyp

(I, +agg) r + (mxg +a3g) v-mygu=~ly,q-1y,p

o ‘<:= x:: NQ '<Q “0

If we define the components of F and [, in the body coordinate system as:
F=iX+jY+kZ

{(an
L=iK+jM+kN
Then from Eq. (2) the components of force F and moment L are:
X = (m+a”)ﬁ+szq-myGi'+(m+a33)wq+my(;pq (18)

+ (a35 - MXG)A2 - (M + a99)rv + mzGrp = (MXG + 876)r
Y = (m +a22)\‘r+(me+a26)f—mch>+(m+a”)m+mzcrq
- my(;r2 -{m +a33)pw ~ my(;p2 - (a3g - mxg)pq
Z = (m+a33)w + mygp + (azs - mxg)d + (m +az;) pv
+ (mxg +agglpr- szp2 -{m+ajlqu- szq2 + mygar
K = (I +a44)p + mygw - mzgV = Iy,f - x4
+ (I + agglar + (mxg +as6)qv - mygqu - l).zo:l2 - Ixzap
= (iy +as5)rq - mzgur + lyzrz - (a35 - mxg)wr + I 1p
+(m +a33)vw + mygvp + (azg - mxg) vq - (m + axg)dvw
= (mxg + azg)wr + mzgwp
M = (ly +agg) 4 + mzgl - Ly, f + (a35 - mxGIW - Iy P
s (I, +a44)rp + mygrw - mzgrv - lmr2 - Iyyra
- (I, +agg)pr + mygpu - (mxg +azg)pv + 1y,pq + 1,02

+(m +aj)wu + mzgwq - mygwr - (m +ag3luw -

- mygup - (a3s - mxgluq
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N = (I3 +ag6)f + (mxg + "26’"" -myGU=ly,q- L,p

+ (ly +agslpg + mzgpu - lyzpt +(ag5 - mXg;)pw - lxyp2

- {1 g Tag4)pg - mygaQw + mzgqv + lxzqr + lxyqz

+(mb+a Juvy ¥ (mxy +tasdur<m up-{m+a;;ivu
22 %G Ty G It

= mzgvq + mygwe

{U) All the external forces acting on the body can be summed up as being either
hydrodynamic, hydrostatic, gravitational, or due to a propulsion system. Thus the total
force and moment can be written as:

E=FEp+B+W+T
L=Ly+tigXB+igXW+]

(19

The hydrostatic forces are those forces and moments caused by the buoyancy, B, where Ip
is the radial distance from the center of the body reference frame to the center of buoyancy.
The weight, W, of the body is responsible for the gravitational forces and moments, where
X is the radial distance from the center of the body reference frame to the center of gravity.
I and ] are, respectively, the thrust and the torque imbalance caused by the propuision sys~
- tem. The assumption is made that the thrust acts along the longitudinal axis of the body.

f; Resolving these forces into the body reference frame gives the following contributions to

the components of force and moment.

X=X,+T-(W-B)sing
= Yp, +(W-B) sin ¢ cos §

= Zh +(W-B)cos ¢ cos 8

20)
= Ky + 1+ Wy cos ¢ cos 8 - Wag sin ¢ cos 6

2 X N =<

= Mh+BxBcos¢cosO-Wchos¢cosa-WstinO

N = Nh—BxB sin¢coso+Wszin¢ cos 0 + Wyg sin 6

(U) The hydrodynamic forces and moments sepresent drag and lift on the body
when it is moving through a viscous fluid. Ideal fluid flow theory is used to predict the mass
accession terms, but it does not describe body drag and lift since it assumes a frictionless
system. These hydrodynamic forces are usually found from model studies or basin tests on
the actual hardware. From these studies there is good indication that the hydrodynamic
forces are functions of the velocity components and the control surface deflections only.

Eh = F (u! V, w’ p! QI r! 6et ar)
Ly = L(uv,w,p,q,rd8)

n
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where 8, and &, are the control surface deflections in the x-z and x-y planes, respectively.
The hydrodynamic forces can be expanded in a Taylor series expansion about the point
vEw=p=q=r=§, =85, =0, u=u, where u, is the nperating speed of the body. This
gives components of force and moment of the following form:

Xn = Xo+ Xy + Xy + Xyuw + Xop + Xoq + Xor + Xgebg + Xg,b, 22)

where

axho axt\o2 § a)"‘ho3 i2
s oy s @i b e— = COUDH ms.
8i azi 21 33i 3! coupling terms

Because of the point about which the Taylor series is expanded, the following coefTicients
vanish.

Yo=Z=Ky=My=N,=0

If the coupling terms are neglected, the following coefficients vanish due to body and fin
symmetry with respect to the x-z plane.

Xy = Xp=Xe = Xq = Xy = Xge = Xy =0

Yu = Yo=Y =Y5e=0
Zy =2,=2p=2;=25=0 23)
Ky = Ky =Kgq=Kge=0
My = My=Mp, =M =M =0
Ny = Ny =Ng=Nge =0
E The remaining component equations for hydrodynamic force and moment are:
Xp = X5+ X,u
Y, = Yyvet Ypp +Yr+ Yars, '
Zn = Zww +2qa* Z5 5 24)
Kp = Kywt+Kpp +Kpr + K&,‘sr
Mp = M, w+ qu + M6e5e
= Nyv=Npp+ N+ Narbr
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(U) By combining Eqs. (18), (20), and (24), the six-degree-of-freedom motion
eguations are:

Ko+ Xyu+T = (W=-B) sin 6 = (m +ay;) u + mzgd -~ mygfs 25)

+(m +a33)wg + myGpa + (ags - mxg)a’ - (m + 832)rv
+ mzgrp - (mxg + as¢) 2

Vv + Ypp + ¥Yer + Yg, 8¢ + (W-B)sin¢g cos §

= (m+ayy)v + (mxg + “26)‘: - mzgp + (m + apru + mzgrg
2

~mygr® -{(m +a33)pw - my(;l)2 - {agq — mxg)Ipg

Z,w+ qu + Zgebe + (W-B)cos¢ cos @ =(m + d33) W

+mygp + (ags - MGG+ (m +329)pv + (mxg + ag)pr

- szp2 -{m+aylqu- mz(;q2 + mygar
1 KVV+Kpp+l(rr+l(5r6r+|+Wchos¢coso—Wstin¢coso
4 = Uy +agq) p+ mygw - magy - I, ¢ - 1,4
‘1 : +(I; % agg) qr + (mxg +a9g) Qv - mygqu - lyzq2 = lyzup
k - (ly+355)rq—szuH-lyzrz-(a” - mxg) wr
* 1yt + (m +a33) vw + mygvp + (a3 - mxg) vq
' . - (m +a39) yw - (mxg + a9¢) Wr + mzgwp
Myw + Mgq + Mg e + Bxg cos ¢ cos 6 - Wxg; cos ¢ cos @

-Wzg sin 8 = (I, + asg)q + sz‘lf Iyt
‘ +(a35 - mxgw - lxyfﬂ- (I +ag4)rp + mygrw

- mzgGrv ~ l,‘,vr2 = Iyyrq - (I + agg)pr + mygpu

- (mxg +a36)pv + ly,pq + l,up2 +(m +ajIwu + mzgwqg
- mygwr - (m + a33)uw - mycup - (a35 - mxglug

Nyv + Npp + Ngr + Ng 81 - Bxp sin ¢ cos § + Wxg; sin ¢ cos §

+ Wyg sin @ = (I, + agg)r + (mxg +a)glv - mygu- lyzd
= Iyzp+ (Iy +855)pq + mzgpu - ly,pr + (a35 - mxg)pw - l,q,p2
= (I +844)pq - myGqw + m2gqv + Iyqar + l,‘yq2 +(m +ay9)uv

+ (mxg + agglur - mzgpu - (m +ajIvu - mzgvq + mygvr
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(1) Following is a list of sssumptions under which the equations were derived.

a. The motion of the earth has negligible effect on the trajectory of the body.

b. The medium is at rest except for motion cause by the body.

¢. The body is rigid, of constant mass, and symmetrical in shape with respect to
the longitudinal axis.

d. The mass sccession forces are given by ideal fluid flow theory,

e. The body is fully wetted.

f. The propulsion forces act along the longitudinal axis.

g. The center of buoyancy is on the longitudinal axis.

h. The hydrodynamic forces and mioments are functions of velocity and control-

surface deflections.
The hydrodynamic coupling coefficients can be neglected.

=S
H

HYDRODYNAMIC COEFFICIENTS

(U) It is appropriate at this time to explain some of the terms and coefTicients
included in the equations of imotion. Body drag, X,,, is found to approximate the drag pro-
duced by flow along an infinstely long cylinder. This drag can be expressed as:

X, = p/2u? w24 Cg (26)

where p is the density of seawater, £ and d are, respectively, the length and diameter of the
body, and Cy is the drag coefficient given by Prandtl’s equation.

Cp = 455/(log;gR)2-38 2"
R - Reynold’s number
- (28)

where the kinematic viscosity, », of seawater is
v = 13 % 1076 ft%/sec (29)

{(U) The nass accession terms cannot be determined from static model tests; there-
fore, they are approximated. Assume the body is an ellipsoid of revolution with the origin
of the body reference frame forward of the center of the ellipsoid by a distance 4.

ajp = kymg
a3y = a33 = komy
ag4 = 0 30)

g = gg 'Y lf"’ ksz Az

azs = =83 = komgd

UNCLASSIFIED




UNCLASSIFIED

where ky, ko, and k' are Lamb's coefficients, my is the mass of the displaced fluid, and Igis
the moment of inertia.

(U) The hydrodynamic coefficients are usually found through model tests and water
tunnel tests. From these tests it has been found that for moss torpedo-like bodies the coef-
ficients are fairly linear for small angles of attack. Thus. for most cases all but the fiest-order
terms of the Tayvlor series expansion can be neglected. Fhese terms are found directly from
model tests. However, there are situations, such as launch or possible high-rate turns, in
which the angle of attack becomes appreciably large. For these situations it is important to
know what effect the nonlinear hydrodynamic coefficients, {.8., the higher order terms of
the Taylor series expansion, have on the body trajectory. Although the nonlinear coefficients
are not entirely understood, there are a few things that can be said about them. If the angle
of attack goes to 90 deg, then the hydrodynamic force coefficients are roughly equal to the
drag of the body moving sideways through the medium. Since the body approximates a
cylinder, this drag can be easily estimated. From the water tunnel tests, the slope of the
hydrodynamic coefficients is known about zero angle of attack. With these two pieces of
information a function can be postulated:

Z=Zw‘u1\/u:+w!+l(wm+qu+zsc6é G0

where K is a constant determined by the drag of the body moving through the medium with
a 90-deg angle of attack. Z,.Z,and Zg, are the linear or first-order terms. For small angle
of attack, i.e., small w, the function reduces to:

Z = wa + qu + Zaese (32

g g\

&
. Yo

i.e., the linear form. However, for large w the function becomes:

g
4

z
zZ= (-—u‘!+ K) wiwl +Z q + Z5,5¢ 33

Therefore, the hydrodynamic force is proportiona! to the velocity squared times a constant
similar to drag forces. The reason for wiw]| is to make Z an odd function of w.

(U) The hydrodynamic moment can aiso be expressed as a drag for large angular
velocities. Assume that the body is spinning about its center with angular velocity q. The
drag on the body is proportional to the velocity at some distance from the center (Fig. 2).

A\l

d
L
&

\Y

¢

@x

®

(W) Figure 2. Velocity gradient of epinning cylinder

A
N

A3

A\l

%
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In order to describe the total drag on the body it is necessary to integrate over %, where % is
the distance from the center.
2/2

Mp =2 [ p2 2 scpv2ax (34)
o

where Cy is the drag coefficient of a cylinder. Although the drag is an even function, the

hydrodynamic moment is odd: therefore let qz-’qlql. Finally the hydrodynamic moment
can be written as:

- et
M = Mga -% dl'Cf-i qlgl + My,w + Mg.8e (35)

where Mq, My, M, are linear or first-order hydrodynamic coefficients. For small g the
linear term dominates the function, while for large q the drag term dominates.

(U) When the hydrodynamic coefficients are measured in water tunnel tests, it is
impossible to separate the mass accession terms from the linear hydredynamic moment.
Thus the measured terms have the following form.

My, (measured) = M, +(a33 -a;))u

[}

Ny (measured) = Ny +(aj| ~aqz)u

(36)
Mq {(measured) = Mq +azgu

N, (measured) = Ny tascu

(U) The hydrodynamic coefficients are usually measured in only one plane due to
the symmetry of the body, which suggests the following relations:

Y, - 2, Ny = -M,,
Y, = -2, Ne = M, 37
Ysr = ~Zge Ngr = Mge
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(U) The motion equations can now be written in terms of measurable quantities.
They are simplified somewhat by the following definitions:

mp 4 mtay
mr &m+ay=mtagy
Jxélx'f'a“

Jy é |y+855
I, 81, +ag

Therefore the simplified motion equations become:

g2 ulwd Cp+ T - (W-B) sin 0 = my u+ mzgq - mygr + mp(wg-1v)
+ myGpa + magrp + (a3s - mxg) (a2 +12)
Zy —Vuinl+ Kv? - Z 0 - Zg B+ (W-B)singcos 6 +Ypp
= mp(V-pw) + (mxg-a35) (F+pq) + my ur
+ mzg(rq-p) - myg (r2+p?)
Zy %W+ Kw J;T_,, qu + 25c5e +(W-B)cos ¢ cos @
= mT(v'/+pv) + myG(f)‘i'qr) - mZg (p2+q2)
- my ug + (agg-mxg) (4 ~pr)
Kyve Kpp + l(rr + K5r8' + 1+ Wyg cos ¢ cos @
-Wzgsingcos8 = Jyp-1,, (f+qp) - Iy (g-1p)
+1y, (r2=g?) + mzg (wp-v=ur) + myg (vp + w-uq)
My w + qu + Maeﬁe -pl2 d'Cfg_?t alql + Bxg cos ¢ cos @
- Wxg cos ¢ cos 0 ~ Wz sin 6 = Jyd+ Iy,pa
+ 1y, (p2=r2) - Iyy (F+pH1q) + mzg (U-rvtwq)

+ mxgug + (a3g=mxg) (Wpv) + (J,=J;) pr

UNCLASSIFIED
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(39




-Myv + Npp + Mgt + Mg b - p/2 daCy g rirl

—Bstin¢coso +Wszin¢cos0 + Wyg sin @
= Jz': + lxz (qf‘f’) + lxy (QZ‘P2) - lyz (&*pf)
+(a35-mxg) (pw-v) + mxgur + (Jy~I,) pa
+myg (vr-gw=u)
CONCLUSIONS
{U) The above equations of motion, which embody measured data and estimated
relations; are presented in their simplest form for simulation or hand calculations. They are
subject only to the general assumptions made on p. 16 and to the degree of confidence one

has in measured data and estimated relations described under Hydrodynamic Coefficients
{pp. 10-14).




SECTION 3

HYDRODYNAMIC CHARACTERISTICS OF THE MOSS

INTRODUCTION

S —————————

{(U) The motion equations are written in a form in which the terms can either be
measured or calculated, Eq. (39). In order to use these equations to determine the behavior
of a specific body it is necessary to define the body and give the coefficients as measured,
This section describes in detail the dimensions and characteristics of the Mobile Submarine
Simulator (MOSS), CTV. It also includes data gathered from water tunnel tests at the David
Taylor Model Basin (DTMB) which give the linear hydrodynamic coefficients.

(U) There are certain peculiarities of the MOSS that must be modeled in order to
describe its behavior accurately. These include the movable shroud control surface, the auto-
pilot and certain of its sensor packages, and the trailing hydrophone. Motion equations have
been developed for these subsystems and used in the simulation to supply information or
modify the body equations of motion.

T

HYDRODYNAMIC CHARACTERISTICS

(U} The Mobile Submarine Simulator can be generally described as 2 long cylindri-
cal body with a faired afterbody, a movable shroud for control, and counterrotsting propel-
lers for propulsion. 1t also has a small hydrophone that trails the body on a length of cable.
Figure 3a shows the vehicle with its hydrophone. Prior to launching the hydrophone cable
is wrapped around the shroud, and the shroud, cable, and hydrophone are held firmly in
place by a set of protective fins (Fig. 3b). Shortly after launch, the fins are ejected and the
hydrophone trails the full distance of the cable behind the vehicle. MOSS is then free to
maneuver,

(U) The MOSS is a 10-in.-diameter vehicle whose length varies, depending on the
particular configuration. Table 1 gives the various dimensions and hydrostatic characteristics
of importance. The vehicle is positively buoyant in the exercise configuration and negatively
buoyant when deployed to the fleet as a “‘warshot™ unit. The exercise configuration is the
same as warshot except for a 1 9-in.-long exercise section which records the body dynamic
behavior during a run.

(U) Puli-around torque is caused by the fact that the center of gravity is below the
fongitudinal axis of the body. Pull-arcund is used to provide roll control for the MOSS.
Static heel is the roll angle of the body at rest (no propulsion operating). 1t compensates for
the torque imbalance of the propulsion system during a run, From the pull-around in foot-
pounds, and the static heel in degrees, the body coordinates of the center of gravity, zg; and
yG can be found,

z;; = Pa/W cos (Sp) (40)

yG = Pa/Wsin (Sy)
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(C) TABLE 1, Mk 57 MOD 0 BODY CHARACTERISTICS

Warshot Exercise
Length, £, ft 11.62 13.30
Weight, W, Ib 345.0 412.0
Buoyance, B, Ib 333.9 422.3
Diameter, d, ft 0.833 0.833
Center of gravity, CG, ft from nose 4,70 6.37
Center of buoyancy, C8, ft from nose 4,867 6.23
Distance from CG to CB, xp, ft -, 167 0.146
Distance from CG to tail, xp, ft 6,92 6,93
Pull-around, Pa, ft-Ib 6 4,48
Static heel, Sy, deg 0 2

R S T T AT

(C) The propulsion system in the MOSS is made up of a counterrotating electric
motor and propellers. The total thrust of the propulsion system is assumed to act along the
longitudinal axis of the body. Due to the difference in mass, rotational velocity, and pos-
sibly propeller efficiency between the inner and outer propeller shaft, a forque imbalance is
created. The propulsion system is modeled simply as a thrust, T, in the direction of the lon-
gitudinal axis of the body and a torque jmbalance, I, between the inner and outer propellers.

T = 2651 41)
I = 0.7 ft/lb
These values were determined by matching sea run data for forward velocity and steady-

state roll angle against the same values in the simulation. In order to use a functional relation
for these terms, more information on the propellers would be required.

(U) The torque imbalance has another effect on the body which has been investi-
gated. Since the motor is a spinning body of considerable mass, it acts like a gyro in resisting
changes in body orientation. The precessional torque can be expressed as:

Ty = H wp 42)
H = Iw = (gyter = linner) @
w = spin velocity of the motor
= inertial mass of the inner and outer system respectively

Linner & louter
wp turn rate, r or q




The orientation of this torque is at right angles to the turn rate, Thus, this torque causes
coupling between pitch and yaw when tliere is a rate in pitch or yaw. The torque must be
translated from the center of mass of the motor to the center of gravity of the body. When
this is done, the forces and moments on the MOSS are found to be negligible,

(U) The hydrodynamic characteristics of the MOSS were measured in water tunnel
tests at DTMB on a vehicle similar to MOSS in every respect except length. The results of
those tests are reported in Ref, 4. The linear hydrodynamic coefficients are listed in Table 2.
From Ref. 2 the coefficients should be nondimensionalized using the following relations:

= density of the medium
= cross-sectional area
= pesultant velocity

24y 242

(C) TABLE 2. NONDIMENSIONAL HYDRODYNAMIC COEFFICIENTS

Zw

-0.00899 K}, = ~0.000862
M, = 0.003903 Zy, = -0.00666
z!, = -0.00735 Mje = -0.00325

q

B

q 0.00334




In the report of the DTMB data, the hydredynamic coefficients were nondimensionalized
with a different set of relations, but the conversion factor is simply:

2
2

ZprmB - = Z (44
2
)
D

MptMB—5— = M’

where
£ = 10.65 ft
A = 0.545 12

(U) There is a difference between the length, £, of MOSS and the length, £, of the
body used in the water tunnel tests; however, the simulation results and sea run data indicate
that the hydrodynamic coefficients do not change appreciably with the change in length.
Thus the coefficients can be nondimensionalized using g rather than £ '

(U) The MOSS, being cylindrical and having a cylindrical shroud as a contro! surface,
has very little resistance to roll. Because of this, terms such as Np, Yp, Ky, Ky and K§; can
be neglected. The value of Kp in Table 2 was predicted from rolrdamping as seen in sea run
data.

{U) The coefficient K of the nonlinear hydrodynamic terms, Eq. (31), was found by
matching the functional value of the hydrodynamic terms as angle of attack varies against
the empirical curve found in the DTMB report (Ref. 4). The drag of the body was estimated
for an angle of attack of 90 deg and the hydrodynamic terms for the chosen value of K fell
within the range of uncertainty in the value for the drag. Figure 4 shows the two curves
graphed to the same scale,

CONTROL CHARACTERISTICS

(U)' The motion of a torpedo or torpedo-like body such as the MOSS is highly de-
pendent on its control surfaces; therefore a good understanding of how they operate is nec-
essary if body behavior is to be predicted. A computer study has the advantage of looking
at the problem in a very detailed and complete manner. In order for a digital simulation to
be successful, however, it is important to have an accurate model. The following paragraphs

document the work done to develop an acceptable model of the control system of the MOSS.

(U) For convenience, in this discussion the control system is divided into two parts:
the shroud assembly and the electronic/sensor control module. The shroud assembly con-
sists mainly of a shroud ring as the controlling surface and four solenoids as the shroud actu-
ators, The shroud ring is free to move in any direction about its pivot point, while the
solenoids provide the force necessary to move the shroud either up, down, left or right. The
shroud’s motion equation is derived and the solution found in terms of the initial conditions,
Thus, given a set of initial conditions, the angular deflection of the shroud can be found for
any instant in time.

O S
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Equation of Motion of the Shroud

(U) The shroud assembly is fairly simple in terms »f the number of mov ng parts
involved, The shroud ring supported by four posts mounted on a pivoting collar make up
the control surface. The collar pivots on a ball made out of a Teflon-like substance, thereby
giving the shroud the freedom to move in any direction. Eight springs, two behind each of
the four shroud supports, force the shroud toward a centered position, These springs are
preloaded with a bolt so that they exert no force on the shroud when it is not deflected.
This means that only one set of springs acts on the shroud at any one time and that set al-
ways acts against the deflection. Four solenuids provide the force to deflect the shroud, A
set of stops limits the solenoid-created shroud-deflection angle to 3 deg,

(U) The MOSS uses an on-off method of controlling. When one of the four com-
mands is given, up, down, left or right, the corresponding solenoid pulls the shroud toward
a 3-deg deflection, compressing a set of springs. When the command is removed, the springs
push the shroud back toward its center position,

(U) The equation that governs the motion of the shroud in one plane is a function
of the various torques acting on the assembly.

T=18 {45)
where:
=T+ T+ TR+ T,

= total inertial mass of the shroud ring, supports and pivot collar.
§ = angular acceleration of the shroud
Ty, = torque due to the accelerating mass of the solenoid plungers

T
T = total torque of the system
I
&

T, = torque due to the spring load
Ty, = torque due to the hydrodynamic load

T, = torque due to the solenoid actuator force

Table 3 lists the masses and moments of inertia of the various parts which combine to make
up the inertial mass of the system.

(U) TABLE 3. SHROUD CHARACTERISTICS

Mass (slugs) Inertia (t‘t"’2 slugs)
Shroud ring 58.2 X 103 4.51 X 10-3
2 shroud supports 0.8925 X 103 0.069 X 103
Pivoting collar 6.43 X 10-3 0.028 X 10-3
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The moment arms are calculated using the fact that the pivot point of the system is 1.5 in.
forward of 1/4 chord. The total inertial mass, I, of the system is the sum of the individual
inertial masses of the three moving parts,

I = 4607 X 1073 slugs - 2 (46)

(U) The individual torques are more complex in their origin and therefore will be
dealt with separately and in greater detsil. The torque due to the acceleration of the sole-
noid plungers, Ty, is simply equal to the force times the moment arm. Since there are two
plungers: '

Ty = 2fr (47)

= 2mar wheref = ma
Zmrér wherea = ¢ §

The mass of a plunger, m, is 4.5 X 10-3 slugs and the moment arm, r, is 0.14 {t. Thus, the
equation is:

T = 0.176 X 16735 ftlb (48)

The torque due to the spring load is a combination of the preload on the springs, the spring

constant, and a damping term. Figure S is a graph of the torque as a function of the absolute

value of the shroud deflection angle taken from Ref. 5. Due to the method by which the ,
springs are preloaded, they exert no force on the shroud when it is at zero. Therefore, the
graph is discontinuous at this point.

= 3

torque, {t-1b

(U) Figure 5. Spring torque vs shroud deflection angle
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Away from 8 = 0, this portion of the curve can be approximated by a straight line where the
intercept represents the préload and the slope the spring constant. To take into account the
fact that the shroud can deflect in both the positive and negative direction and the disconti-
nuity at zero, the line equation is multiplied by sgn 8.

where
sgn b = - ifd <0 (49)
sgndéd = 0 ifé= O
sgn & 1 ité >0

Finally, since the spring forces are always attempting to return the shroud to its zero posi-
tion, they are acting against the shroud’s deflection, thus yielding the equation:

T, = -sgn 6 (1.67 +—5%|51)mb (50)
where the shroud deflection angle 8 is given in radians. A damping term, which is simply a
constant times the angular velocity of the shroud, § must be included. Since this term is
due to friction, the sign of the coefficient is negative. The damping constant is an estimate
found by observing the time it takes for a transient to die out in air. The constant as esti-
mated is 0.1127 slug-ftzlsec. It is true that water is a more viscous fluid ; therefore the
damping term should be higher, but the above term has been found to be an acceptable
approximation. Thus the torque due to spring load becomes:

Ty = -1.67 sgn 6 -9.576 =0.11278 ft-1b 51

{U) The torque due to the hydrodynamic load on the shroud is a function of the
angle of attack of the shroud. This angle of attack is the sum of the deflection angle, 8, and
the angle of attack of the tail, @y. aq is different for pitch and yaw because of the different

angles involved. Figure 6 shows the orientation and sign of the angles involved in pitch and
yaw,

pitch

(L) Figure 6, Pitch and yaw sign conventions
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velocity of the origin of the body in ft/sec
body angle of attack in yaw

body angle of attack in pitch

turn rate in yaw

q = turn rate in pitch

2 ™
w o

3

All angles are given in radians and rates in radians/sec. The angle of attack of the tail, ay is:

=1 gxg
for pi = @+ s 2
or pitch ap = a+itan v {52)

=1 g
for yaw ap = B+ tan -~

where x is the distance in feet from the origin of the body coordinates to the tail. Figure 7
is a graph of the torque due to hydrodynamic forces plotted as a function of the shroud
angle of attack, from Ref. 5. Since the curve is a straight line passing through zero, the
equation is the siope times the shroud angle of attack where the slope is ={3.238 fi-Ib/deg.
LTy = =13.6 (b+erp) ft-ib ’ (53

' ' where 8 and ary are expressed in radians.

-3

-2 torque, ft-ib

¥ = 10 knots

Figure 7. (U) Hydrodynamic torque vs shroud angle of attack
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the solenoid actuator force is a function of the shroud de-
d. Figure 8 is a graph of this torque. Cg is the command

L

(U) The torque due to
flection angle and the comman
generated by the control logic and is:

Cg =1 for up or left {54)

Cg =0 for no command

Cg = =1 for down or right
Each curve can be approximated by two straight lines with the 5= 0 intercept as their com-
mon point.

Ty = Cg(2.58 % Mg 181)ST ft-1b (53)
where

Mg = 0.75 (57.3)if Cgd >0

Mg = 0.28 (57.3)if Cgd <O

The stops, S, can be modeled by defining Sy =0 for |C56|>3.

torque, §t-1b
- 5
G >0

(U) Figure B, Solenoid actuator torque vs shroud deflection angle at 26 ¥
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(U) Combining all the pieces, the motion equation for the shroud assembly is:
0.176 X 1073% +(=1.67 sgn 6 -9.576 - 0.11278) (56)
H-13.6 (5+ap)) + CgSy (2.58 + Mgldl) = 4.607 X 10738

Rearranging terms, the motion equation is:
§ = (-1.67 sgn - 13.6 o + 2.58 SqCg)/4.42 X 1073 (57

+8(23.17 + CgMgS sgn 8)/4.42 X 1073 - 25.58

Define Cg & 25.5 (58a)
Cy @ (23.17 - CgMgS sgn 8)/4.42 X 1073 (58b)
Cy 8 (-1.67 sgn § - 13.4 ay + 2.58 S7Cg)/4.42 X 1073 {58¢)
Then Eg. (57) becomes:
8+Cgs+C18=Cy (59)
£ kk Because of the step-by-step numerical technigue used in the simulation, the forcing function,

Cz, can be described as a step function. Because of this, the Laplace transform method is
the simplest way to solve the equation. The Laplace transformation of the equation is:

C
2 A(5) - $5(0) - $(0) + ColsB(s)-5(0) + C1A(5) = —= (60)
Solving for A(s)
£2 + 450~ Co8(0) + 4(0)

AGs) = £

(82 + C08 + C] )

8(0) + Cq8(0) + (0
c, , 38(0)+ Cgb(®) + 8(0)

 s(824CqeC)) (824Cgs#C))

i 5.2.4. #(8(0) - C5/Cy) + Cgb(0) + 5(0)'(‘32_50/(71)
Cis (;2+C03+C|)
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(.‘.E%EQ)__%S
— S S \a/\G
s(s2+Cos+C|) Cys (s2+sC0+Cl)

The inverse transforms are:
i/s |

ays + EQ
(s+a)2+82

an~aj

et (al cos fit + g sin Bt)

= 8(0) - (C5/C))

C,C
= Cob(0 + 80y - =2

1
Cof2
co? \1/2
8 (c “%) for C; > C/4

IfC < C02/4, Eq. (61) must be modified by replacipg the sine Snd cosine functions with
hyperbolic sine and cosine. Also § becomes 8 = (Co /4 - Cy )” . Therefore the solution is:

8 = 2 +expCaty 50y~ 52 C ¢’ |/ 62
(t)—Cl exp (~Cg t/2) ()—-é—l- cos Tty t 62)

b0 + [“0’"6'{]‘ K c02)1/2
> sin (€} ===
Co" 1/2
Cl-T

4
This solution is a function only of its initial conditions, 6(0) and 8(0), and time, t. The
large time step used in the simulation makes it impossible to solve for 8(0) by means of
numerical differentiation. Therefore, the following technique was used to get around the
problem, Since the computer study uses a stepwise solution method, 8(t) is known for all
previous time. Therefore, 8(0) can be found in terms of 8(~t)

+

{” for C) > Cy%/4
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c c2 \112
B(-t) = =2+ ex [—c 2] {[s0 - 2] (C -3 (=t (63)
g P |<C, oy i -

Co Cy
5(0) + 2 [5(0) - C—;] [( Coz)l /2 ]}
+ sin Cl = om— {=t)
( c02)1/2 4
Cy =
1774
LG C, ( COZ)I/’Z
[8( ) - é—l—]exp (-Co t/2) - [5(0)- 6;'] CO? [C - T t 7 {64)
_ Co?\1/2
- sifn [(Cl - T) l]
Co Cs
—?[“‘”‘ ol ¢ ')
co2yz [V4
o-%)

Substituting this form of 8(0) into the equation for §(1) gives a form of the solution that is
particularly adaptable to a computer simulation.

8(0) =

s = 24 o C0 12, +2 exp (<Cq t/2
(t) = g, e Cl- {=t) exp ( Ot/) (6%

o 01 . [l COZI/Z"
(0)"6‘;‘ cos ]°T> L

In the stepwise solution, 8(0) is the current shroud deflection and 8{~¢) is the shroud deflec-
tion angle of the previous time step. The solution 8(¢} will be the new shroud deflection
angle. Strictly speaking, ) and C5 are functions of 8, Egs. (57b and ¢); however for the
time step used in the solution of 8(¢), the error incurred is negligible.

Control System Simulation

{U) The electronic/sensor control module is different for the two principal planes
of motion, pitch and yaw. However, both the pitch and yaw conirols depend on sensors to
detect an error in the body’s attitude. When this error becomes larger than a preset dead-
band, 2 command is generated to bring the body back on course. In the following para-
graphs, a complete description of the control logic is given along with a flow chart. Figure 9,
which shows the order in which the decisions are made in the simulation.
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(U) In yaw, the course gyro provides the course heading. An error signal is gener-
ated which is the difference between the actual course and the commanded course. The
electronics constantly check this error against a preset deadband. Assoon as the error is
greater than the deadband, the proper command is given to bring the body back on course.
When a turn is desired, the course command is st to a new value, thus causing the system to
detect a large error. The command is given to reduce the error and the body begins to con-
trol about the new heading.

(U) The pitch logic is more complicated. There are two control references in the
pitch system; a preset depth command and a pitch angle to depth error mixing factor. The
depth hydrostat gives the actual depth of the body and is subtracted from the commanded
depth. This depth error is multiplied by the mixing factor to determine what dive or climb
angle the body will control about. This dive or climb angle is limited by the electronics to
14.5 deg; however, the angle is proportional to the depth error if it is less than this value.
The pitch pendulum is used to detect an error in the dive or climb angle. The electronics
compares this error with a preset deadband. When the error is greater than the deadband,
the proper command is given to correct it.

Pendulum Simulation

(U) A free, damped pendulum is used to measure the body angle with respect to
horizontal. However, there are certain physical limitations and external forces that cause
the pendulum angle, 8,,, to be slightly different from the actual angle, 6. By taking the
Lagrangian approach, the pendulum equation can be written as:

4 faL\_oL  3F _ (66)
dt aep asp aop
where
£L=T-U
T = kinetic energy
U = potential energy
F = Rayleigh dissipation function

If the pendulum is oriented with respect to the vehicle’s center of gravity as shown in Fig. 10
the kinetic and potential energy can be written as:

1

=1 2 A .
T= 5 mp Vp +mp9p (g Gp)(up c050p+wp sin Hp)
—mpllpvp (r sin 0p+pcos Bp)
1 R
+3150 -ep)2+-'2- Iy @2 +r?) 67)
U= -mgg lzg +£pl£+ £p (<G sin Gp +Gg cos Op)]
= 5 2
F = 3kabp
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where

(U) Figuse i10. Pendulum orientation

2 2 2
up +vp +\Vp

u+zpq -yt
V4 XpF - 2P

w + ypp - qu

pendulum mass

fength of pendulum arm
gravitational acceleration
~gin 8

cos f cos ¢

pendulum position vector
pendulum location with respect to center of gravity
damping coefficient

moments of inertia




Substituting into Eq. (66) gives:

2
. . . W ]
0p+2£wn0p = q+-—3— [(up+qu-rvp-gG|)cos Op

+ (\irp +pvp - quy, - 8G3) sin Gp]
The constants for the particular pendulum used in the MOSS are:
= 0.6
= 6w
1.5t
=0.33 ft
Yp = 0

The pendulum equation is solved by Euler’s method in the simulation giving a solution for
pendulum angle, Op, for cach time step.

Friction Simulation

(L) There is a certain amount of friction in the shroud assembly that becomes impor-
tant in simulating the shroud motion. This friction must be overcome before the shroud can
begin its motion. Since the source of this frictional force is not fully understood, it is simu-
lated strictly as a delay. The length of the delay has been determined by matching the shroud
simulation results in air to data taken from an instrumented shroud operating in air. The
delay thus estimated is approximately 100 msec.

TRAILING HYDROPHONE

(C) The trailing hydrophone exerts a drag force on the body of 2.4 b at 10 knots.

It is connected to the body approximately 1 ft ahead of the shroud and 4 in. above the longi-
tudinal axis.

(U) In a turn, the force exerted by the hydrophone is a function of the angle of
attack. Therefore the modifications to the body motion equations to compensate for this
drag are:

th -F cos ot cos

Mhy = FRcos 8+ FL sina

= Fsina

= = sin §
= FLsing
= ~FR sin §




24
4 in.
(xp-1) 1t

= tan~l ¥
u

~tan~1 ¥
u

CONCLUSIONS

{U) From these descriptions of the body’s physical and operational characteristics, a
simulation has been derived which will predict the trajectory and behavior of the MOSS.
The appendix to this report contains a description of the simulation as it has been developed
and a flow chart and listing of the FORTRAN program written to implement it.
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SECTION 4

RESULTS AND CONCLUSIONS

RESULTS

(U} The model described in this report has been used to predict the trajectory and
behavior of the MOSS under a variety of initial conditions. The results of the simulation
that implements this model have been compared to sea run data with encouraging results.
There is a high degree of correlation between the sea run data and the simulation data for
many of the normal maneuvers of the MOSS. The model predicts accurately the behavior
of the MOSS for straight runs, climbs, dives and low-rate turns. One maneuver that is not
completely predicted by the model is a steady-state turn. In this maneuver the turn rate
becomes fairly large, and the sea run data indicate that MOSS may spiral upward if trim is
not set properly. The simulation, however, does not predict a loss of pitch control as seen
in certain actual sea runs. There is some indication that this anomaly is caused by flow sep-
aration about the tail of the MOSS. This has not yet been modeled.

(U) It should be pointed out that the simulation cannot yield identical results to the
results obtained from sea runs with actual hardware. However, limit-cycle freguency and
amplitudes as well as response times should agree. This has been achieved. The simulation
was run with the proper initial conditions and geometry to simulate maneuvers made by a
MOSS vehicle in a test on 3/1/72 in the ocean off Long Beach, California. The results of the
simulation can be compared against the sea run data in Fig. 11. Figure 12 is a sample of the
printed output of the simulation for the same run.

CONCLUSIONS

{U) The hydrodynamic model of the MOSS derived in this report has done two
things of importance. It has forced a very thorough understanding of the operation of the
vehicle itself and of the mechanisms that act on it in an ocean environment. Secondly, it
provides 3 platform from which the effects of design changes on the dynamic control can be
investigated. A simulation has the added advantage of providing information that may be
difficult, if not impossible, to measure.

(U) This model of the MOSS has been particularly useful in the following ways.
From an analysis of the model, it was found that the placement of the pitch pendulum was
not critical because the forces due to the pitching rates acting on it could be neglected. The
model was also used to determine the envelope in which the CB-CG placement could be
varied without drastically affecting dynamic controi. Finally, the model has allowed the
study of the stability problems involved in changing the propulsion force.
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APPENDIX A

A

ﬁ‘

(U) The program written to simulate the MOSS is made up of several sub-programs.

A description of the function of each sub-program, along with its flow chart, definition of
variables and program listing follows:

A
o

‘ﬁ

MAIN

‘wﬁ i

(U) The sub-program MAIN is made up of the 6-deg-of-freedom motion equations,
coordinate transformations, and the calls to sub-programs MOSS and OUTPUT. The func-
tion of MAIN is simply to solve the hydrodynamic motion equations for the body defined
by MOSS. The integration method used is Euler’s method, where a solution to the second

7
order differential equations is found for small increments of time. , -
(U) Following are the definitions of those variables used in MAIN, including those 71
common to all the sub-programs: - 2
ADDP — trailing hydrophone moment in the roll plane g - 2
‘ ADDQ — trailing hydrophone moment in the pitch plane ' 7
e d ADDR — trailing hydrophone moment in the yaw plane '
, ADDU — trailing hydrophone force in the u direction
ADDV — trailing hydrophone force in the v direction
i ADDW — trailing hydrophone force in the w direction
ALPHA - o
A28 — hydrodynamic coefficient asg
BETA - B ’
BXB — displacement, B times Xg
i ] CONT — constant K of Eq. (31)
] CPHI ~ cos ()
CPS1 — cos (Y)
CTA — cos (8)
DAH — drag coefficient
DIS -~ buoyancy, B-W
DLTE - 8
DLTR - &,
DP ~ derivative of p
DPHI — derivative of ¢
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derivative of ¥
derivative of Q
derivative of R
total body drag
time step
derivative of §
derivative of U
derivative of V
derivative of W
motor torque imbalance, [; Eq. (41)
pitch command, C,; Eq. (59)
yaw command, C,
number of time steps for which the problem is solved
J
Iy
program counter
hydrodynamic coefficient, Kp
mass, m
hydrodynamic coefficient, Mg,
mass accession term, m L
hydrodynamic coefficient, Mq
' mass accession term, my
hydrodynamic coefficient, My,
nonlinear hydrodynamic coefficient from Eg. (35)
roll rate, p
[ ]
v
pitch rate, q
yaw rate, ¢
water viscosity constant
sin (¢)
sin ()
sin (8)
time
8

X

'UNCLASSIFIED




pendulum angle, Op

propulsion system thrust, T, Eq. (41)
x direction velocity in body coordinates
y direction velocity in body coordinates
resultant body velocity
initial body velocity
z direction velocity in body coordinates
weight, W, times Yg
weight, W, times zg
Xy distance in inertial coordinates
¥, distance in inertial coordinates
center of gravity coordinate, Yo
2o, distance in inertial coordinates
hydrodynamic coefficient, Zge

ZG center of gravity coordinate, Zg

2Q — hydrodynamic coefficient, Zq

W — hydrodynamic coefficient, Zy

Figures A-1 and A-2 are the flow chart and program listing for MAIN.

S1X-DEGREE-OF-FREEDOM
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COMMON IBLOCKIT!bTaVEL.THETAoPSI!PHIaALPHAlBETAoOonPcUOV.HoXOYtZO
ODLTR!DLTEoDTHETAvDPbLoUPHIoDUoDI'DVoDP!DQODRoﬁNMUoDAH-ThRUSTnMLvVO
#oMToJXtJY'AZSONONOMU'HGuZG»ZW;KP!ZDLT;MDLTthGvZGoHYGoYb.THPoCONTp
tMASSoDlSoSXBoADUUvADDH-ADDVoADDRoADDGvADDP-ENTORGoISTEPDICSPa!CSY

REAL MusMOsMDLT o MASSoNON MT oML o JKo JY9KP

caLl MusS

DO L KSLl.ISTEP

T=T4DT

VELSSQRT (UsUeysVenta)

CPSI=CUSIPSE)

sPSI=sini(PSI)

CPHISCUSIPHI

SPHI=SANIPHI)

STA=SIN(THETA)

CTA=COS{(THETA)

CALL QUTPUT

CaLL SHRUUD

IFLABS{U) BT (00081} DRAG=UtU!DAHI(ALOGIO(RNMU‘ABS(U)))‘:2-58

DU:(THRUST-DRAG'DISlSTA*MTtthR-GtN)+MASS*(YG‘(DRIDT-PUG)-ZBt(DGI
tDT*R‘P))-Azst(R‘R*Qt@)#lDDU)tDT/HL

Dw=‘Zﬁ‘H‘SGRT(U‘U§i‘i)-CONT'W‘ABS(')*(ZG‘Q’ZDLTlU‘DLTE)'VEL*D15l
sCTARCPHI *ML2UsQ=MT oy sP*MASS (Z6% (PSP +Q2@) =T6» {@eReDP/DT) )=225%(DQ
@/DT=PaR ) +ADDW ) eDTI/MT

DV=(ZVOV:SGRT(UlU#V-V)-CONTtVQABS(V)*(ZG#R#ZDLT#U‘DLTR)'VEL+D!S‘
:cTA-SPnl-MLtU#R*MTtutPOMASSt(zs-(oPIDT-ntG)+th(RsRoPtP))+A25-(oa
2/DT+P2a) ¢ADDY ) aDT/MT

DP=(KP‘P.VEL'NZG'SPHI‘CTA*'YG.CTA-CPH!-HASSO(VG‘(D“/DT#V‘P‘U‘Q)-
826+{DV/DT+UsR=g2P } ) =ENTORQ®ADDP )} 8DT/JX

Do=(tnnmn#n@te+MQLTtu-DLTE)-VEL-NONtQtABS(G)+DXBOCTA‘CPHI-HZG-STA
.0(JY-JX)-RtP-AZSt!PtV+DWIDT)+nASStZG‘(Rtv-Du/DT-WaO)0ADDG)!DTIJY

DR:((MUtR-MV'V¢HOLT-UODLTR)tVEL-NON‘R‘ABS‘R)‘BXB‘SPHItCTAOUVG*STA
a+(JX-J1)‘PtG*AZﬁ‘(DVIDT-PON)+MASStYG‘(DUIDTOQ.H—Vtﬂ)*ADDR)‘DT/JY

DTHETaS (QeCPHI=ReSPHI)=DT

DPS1={{@eSPHI*R=CPHL) /CTA) sDT

DPHI=(P+DPSI*STA/DT)aDT

=2UeDY
=@+DQ

wWaWeDW

y=veOyv

R=R*OR

pap+dP

PSI=PSi«DPSI

PHIZPHI+DPHI

THETASTHETA®DTHETA

2224 1=UsSTA+CTAB {VESPHI +WaCPHT ) ) #DT
. x=x+(utcTAtcPsx+Vt(CPSI'STAISPH!-SPs!tCPHI)+u-(sPSItSPHI+cPS!tSTAt
. =CPHI) ) 307

=Y+(U.CTA.SPSI#V.(CPSI‘CPH!OSPSI‘STAOSPHI)+HO(STAtSPSl.CPHI'CPSIu
. «SPHI) ) 80T
4 CONTINUE
CALL PHINT
END

(U) Figure A-2. Listing for program MAIN

FIED




UNCLASSIFIED

MOSS

(U) The function of the sub-program MOSS is to define the physical and operational
characteristics of the MOSS vehicle. This sub-program has two entry points. Entry point
MOSS is used to describe the size, shape, and hydrodynamic coefficients of the MOSS vehicle.
Entry point SHROUD describes the operational characteristics of the vehicle, including the
pendulum simulation, the trailing hydrophone, the control system, and the shroud deflec-
tion angle.

(U) The following is a list of definitions of the variables used in this sub-program:

A — Cross-sectional area

ALPHAT - effective tail angle of attack

B ~ displacement

CAL - cos (&)

CBE -~ ¢os ()

COSIN — intermediate term in shroud simulation
CS8s ~ control system command, Cs

COo — shroud equation coefﬁcient,.Co
Cl - shroud equation coefficient, ¢
C2 - shroud equation coeflicient, Cy

D — body diameter
— pitch control system deadband
- Yaw control system deadband
— depth command
- 8 (0)
— shroud friction delay
- 8, (0)
- &, (0)
- 9p ()]
— time step for shroud simulation
EX — intermediate term in shroud simulation
F — fineness ratio
GZ — depth to angle ratio
HLFRHO - p/2
KPRM — Lamb’s coefficient, k'’
KPRMP — hydrodynamic coefficient, K'p
K1 — Lamb’s coefficient, ky
K2 ~ Lamb’s coefficient, ko
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L
MPRDLT
MPRMQ
MPRMW
MS

NP

NY

PA

SAL
SBE

SH
SLOPE
STEER
STOP
STORP
STORY
TA
WGHT
XB

XT

YC
ZLIM
ZPRDLT
ZPRMQ
ZPRMW

Figures A-3 and A4 are the flow chart and program listing for MOSS.

body length -
hydrodynamic coefficient, Mj,
hydrodynamic coefficient, M&
hydrodynamic coefficient, M,
solenoid force, M,

program control switch
program control switch
pull-around, Py

sin (a)

sin (8)

static heel, §,

hydrodynamic force on shroud
commanded control angle

maximum allowable shroud deflection

storage position

storage position

solenoid force modeling
weight, W

distance from CG to CB, Xg
distance from CG to tail, X
heading command

depth angle limit
hydrodynamic coefficient, Zge
hydrodynamic coefficient, Za
hydrodynamic coefficient, Z,




DEFINITION OF
MOSS PHYSICAL
CHARACTERISTICS

|
RETURN

SHROUD =& ENTRY

1
TRAILING
HYDROPHONE
SIMULATION

it.._._._..—..-—

PENDULUM
SIMULATION

CALL & GEOMETRY

SHROUD
SIMULATION

1

RETURN

gror

(U) Figure A-3. Flow chart for program MOSS




SUBROU INE MOSS

COMMON ZulOCK/T oL ToVELe THETAPSIePHI s ALPHAYBETA» @sRePoUsVoWeXo Vel
#OLTRIDLTE s PTHETAIUPSLeDPHE 0 DU DWeDVeDPeNQe DR ¢ RNMU ¢ DaHe THRUST o ML » VO
*oMT 0N o JY 0 A2D e NUN oMW o MQ02G o 21 o KP o ZDLT o MDLT o WZ2G e 2G o ¥ Y50 Yoo THR » CONT o
*MASSoDaSBYR» ADUL Y ALUWe ADDV e ADDRe ADLG» ACDP ENTORQ» ISTEP» ISP 1CSY

REAL LoKPRVPoMPRNGeMPRMN o MPROLT sK1oK2e KPRMo ML o MT 0 :vON oMY 0.4G o KP o MDLT
ZoMADJY o JY

X7

DATA HoHT o B8 ¢ ) ® L ¢ Ky 0

t V4 “42.0 [ B2ged o e 833 o 13:3020 e 140 e 0,93 7
DATA #a o S e ouY e (9731 - ¥4 ¢ 2LinM

L ¥4 LYL L] 2 2e ® 1.0 o 2825 » 0 2Y o 50 V4
DATA FHRUST » ENTURGe 2ZPRMA o 2PRWY , ZPROLT » aPRMP

L ¥4 LoD ] e 71 1=2,0073% »=,00R99 v~ 00666 p=e000862 /
DATA mPRMO  » WPRMA » MPRILT » CONT

87/ =.0u334 o «003903 »=,00325% o &4, V4
pata D'/oUl/POGOhIKOYOULTRODLTF/7#0-/HLFRHU/o985/

RAD{AIZA/DT 295779

A=l elUlorDee2 /4,

Fal./u

Kl=s058F %=1 491

K2=,73%F 62,1139

KPRMa 4g#F 2%, 331

MLE(aBHTHKIBR) 32,147
MTS(wGnT+R22B)} /32,17
SJXZWOH ] xueN/(8832,17)
A25={L/72.¢Y¥TIwl=l,)eK2%{}/32,17)
JYS{WGHTHAPRMEE ) 2 (D3U/ 16, +L 8L /12:) /32,1 7=4258 {L/2.¢XT)
=T |
GZ=RAD L) |
SHERAD(SK)
ELIMSGL el TM
CBY=rRAL(LRY)
DAP=RAW(VLP)
PSI=RAL(PSI) -
PHI=RAV(FHI)
BETASRAQ(DETA)
THETASRAU(THETA)
ALPHAZRAU(ALPHA)
USVUeCuS(ALPHA) sCOS{BETA)
WaVO=Sin(ALPHA)
S=V02.0S{ALPHA) «SINIBETA)
HNMU=L/ - LU0PR0L3
DAM=HLFRHO®D#L23,14%46%.45%
NON= o 0Vl 358DEHLFRHO—L 824
ZOSHLFRAVSASZPRMG224T . 793810 .65
MW=SHLEFRHO2ASMPRMW 2207 . 79321 0.65
MOSHLFRHOZASMPRMUP2UT < 7932 ( (10.65) 2%2)

{C) Figure A4, Subroutine MOSS




LASALFhituBASZPRIG. 2267, 793

KPSHLFrMoeA e, ehPRyP

UL TSHLFRHO®ASZPHLL T 4207, 793
NDLT=H5FHH°‘h*MPFUL]‘207.793#1“-65

AZGEPARCUSISH)

ZG=dLGs GLHT

wWYGEPALSIp (GH)

Yo=nY57 WonT

MASSZHorii /32,17

DIS=aGrT=g

NXBs13=a3

RETURN

ENTRY SHeQUD

BETAZ=n TaAMN2(VeU)

ALPHAZATAN? (W)

CHESCOS (LETA)

SHESS T (e T4)

CAL=COS (ALPHA)

SALSSInwiaALPHA)

AQDUS =g , BaCALBCLL

ADDWw=2.45SAL

ANJVzwg s wxSRE

ADDASblosCRE412.528%S5AL

ADDRES1c e H2AFSBE

AVDPS=qs 31l ¥SBE

CALL GeOM{YCeDC)

STELRSFS1¢YC

CAle D;LTA(STEERnhobIOHY;DUY.DLTR!DLTRD.BETLoICSY.HY)
STEER= 3Z#(DNC=Z)

IF(AQSISTEFR) 6T 2L iM) STEERSSILGNIZLIMISTCER)
DTHP=DlHN+(-22-b*bTHP*DQ+(((DU’-SS‘L@)/DT*G'(ﬂ-Job*Q)-R‘(V*1o5tR*.
t33*P)¢62.17*51N(1thA))*COS(THP)*((uﬂ-l.b*D@’/DT*k*(V#l-5'R’o33ip)
t-at(U-oéatﬁ)-32-17'LOS(THETA)*COS(PHI))*SIN(THP))*11.04“)‘07
THPETHr+L 1 HP2DT

STEERSSTLERSTHP

CALL D;LTA(STEEN»G'STORPoDBPoDLTEoDLTEOoALPHAoICSP-NP)
RETURN

SUBRGUIT LE DELTA(ST&ER-RATE;STOR.DB.DELT:DDELOANG,ICSoNFLAG)
REAL M> ’
DATA wELAY » SLIWE o STOP
L ¥4 o d [ 13.0 o 0699

DTISUTAL0.

ALPHATS (ANGHATAIRIRAIE ABSIVEL/XT) ) ) oSLOPS

CO:Zb. o

EYSEXPi=CO#NTL)

CO=2CUeLy

CS5=0.

(U) Figure A-4. Continued




\

IFCALSISTEFR) 46T oL} CHSSIGNI1.¢STEERD
IFLICS=FIYI{CS)apus) BO TO 1
IFINFLAG.ED.0) STOR=T
NFLAG=L
IF(STONRSUELAYLLT.T) 60 To 2
£5=2ICS
60 TO &
1CS=CS
NFLAG=Y
CONT INwe
DO 3 K=1s.10
TA=d.
MS’-“S. :
IFICSBuELTLE Do) M15=15.9
IFLASSIDELT) eGTo o U%2 ANUDCSBUELTo6Te0,) TaAZg
Cla=220:20¢2(=9,57=SLOPE®*SIGNIMSDELTI=TARCS)
C22226.240{=516M{1lc0 7 UELT)=ALPHAT+2,5834C58TA)
IF(Ci=0L0)4
COSINSIDELT=C2/CL 08 QS IUTLeSORTI(CLI=CO) )}
DDELU=WDEL
DCEL=DeT
DELT=Ca/LI4FEXEXs (Co/C1=DDEL D) 42 2EA®COS L
IFLABS{OELT) o GTSTOP) DELT=SIGNISTOPDELT)
CONTINJVE
RETURN
COSIN={DELT=C2/C L) OSHIDTLIs43RTICU=CL))
60 1vu 2
END

(U) Figuse A-4. Continued

GEOM

(U) The sub-program GEOM is used to define the initial orientation of the MOSS

vehicle as well as the geometry that the vehicle will run during the simulation. By setting
ISTEP, GEOM also defines the amount of run time that will be simulated.

(1) Figures A-5 and A-6 are a flow chart and program listing for GEOM.
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{U) Figure A-§. Flow chart for program GEOM

SUBROUTEINE GEOMIYC.DC)

COMMON /BLOCK/ToDToVELs THETAPSIoPHIALPHAIBETAsQeRoPoUsVoWeXNeYe 2o
2DLTReDLTEsNTHETA:DPSI o DPHE o DU Do DV DPsDRoDRoRNMU» DAHs THRUST o 8L o V0
2oMToJRo Vo A2BsNONo Mo M@ e 20s ZW,KPo ZDLT»MDLTowZ80 280 WYEs Y8 o THP+ CONT,
sMASSeDIS BB, ADDU» ADDY o ADDY 2 ADDR » ADD@» ADDPsENTORG s ISTEP» ICSP ICSY

DATA ISTEP ¢ YD o & o THETA » PSL o PHE o ALPHA » BETA
L 74 12700 o 15.8 0o Do ¢ =820 ¢ =Je ¢ 3. o Be o Be 7

RADLAI=A/ET 205779

IF{T.8T7¢55.)YC =RAD(+90, )

IF{T.87.87.) Y€ =RAD(=1000.)

DC=300.

RETURN

END

(C) Figure A-6. Subroutine GEOM

OUTPUT

{(U) The sub-program OUTPUT is used to print and plot the results of the simulation.
OUTPUT has two entry points. Entry point OQUTPUT stores the information to be printed
and plotted and entry point PRINT does the printing and plotting.

{(U) The following list of definitions defines the variables unique to this sub-program.

HUNK - storage area for Calcomp data

JSKIP - print increment

M — program counter

N — program countesr
Figures A-7 and A-8 are the flow chart and program listing for OUTPUT.
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STORAGE
1

el RETURN

PRINT =& ENTRY

]
PRINT

GRAPH
PLOT CALCOMP
ROUTINES

 RETURN

8TOP

(1) Figure A-7. Flow chart for program OUTPUT

SUBRQUI [ DUTPRUT
COMMUN /oL OCK/To0To vl s THETA»OSIePHI 0 ALPHASBETA»Q)RoPoUs Voo Xo Yo 2o
#ULTK!DLYE!DTHETAODPbIODPHI!DU.ONODV!DPDDQ!UhDRNNUODAHaYHRUSTOMLOVO
toMTvuXOJYtA250NON!“nOMGOZGDZW.KP'ZDLT!”DLTIWZGDZG!HYGIVb!THP!CONT!
*MAS&'D&SOBXB!ADQU'QUUW'ADDV!ADDROADu@'ACDP'tNTORQOISTEPOICSP!ICSY
DIMENSLION A{19,1%U21 o HUNK(3000)
DATA JSKIPeKeIlomM/22100001%/
DEGIA)=aEDT 295779
KSK®l
IF(I-6Geo1500) RETURN
IF{Kol 1 o JSHIP) RETURN
K=9
IzT+l
Al{ls3)=7
AlZ2el)avil
A(3el)=2
AlY%el)SDEGITHETA)
A(Sel)3DEG(R)
Al6eL)SDEGIDLTE)
(U) Figure A<8. Subroutine QUTPUT




AlTe LS LSP

IFUICSPartie=1) nl7o1)=2

AlBe Ll GlALPHA)
A(901)=JLG(PSIJ-516N(360.0DEG(PSI))#AINT(UEG(PSI)IlaO.)
ALLDs T )b EIR)

AllleI)=uEBIDLTH)

A{lesId=ICRY

IFLICS1:L0.=1) al{l12,1)=2

All3s 1) suERIBETA)

H{1%0 102EGI{PHI)

Alloe DISuERINPHI/ LT

RETURN

ENTRY MRINT

PRINT se (IAIKo ) pA=LoM) o NZR01)

1 FORMnTI (91050 T Vel é THFTA c] ITE IcsP  ap
¢PHA Pul " JLTR IcsyY BETA PHI F

% o /7050( "919F7,207)0//7/0% IOTES ALL DIMENSIONS ARE
SEXPRESSEU Th FeeTe SLECUNDS AND OEGREES.®)) i
CALL PLOTS{HUNKs 3UNYe2b)

CALL PLYT(10eslor=13)

Alielel)=0,

A(l'l“"-‘-“.

ALENTHS(142) /40

CALL AAlHS(M,e0e0 =3 imp (SEC)2e=120ALENTHIO0, 00004,

CALL GRAFH{Des2e20 % |HETA (DEG)%0110l0e9=20,,%450,0)

CALL GrAPHI=1,02.200=PITCH RaTE (DLG/SEC)?:,22010,0=20605,10Us11)
CALL GRAMH(=2,02:20 9 [CSP=PITCH COMMAND®01it0200=8.970000)
CALL GRAFI{QseTee'PS] (DEB) 2369049 =180,095000)

CALL GrAPH{=1lc.07.0'=YAW RATE ‘DEG/SEC)'o20010.0‘400010010011)
CALL GhAPH{=2,07,0? CSYSYANW COMMAND 9 1602002 ,012+0,0)
CALL GRAPH(=340700 " I (DEG)?990110,0=20,914,1003)
ALENTH=ALENTH+3,

CALL PLOT(ALENTHe=1,7999)

RETURN :

SUBROUT L GEAPM(XDY!NAME.N!DEL!F!RbTOKoLSVMONO)

DIMENS LN MAME(3Y)

CALL PuQl(0,0Ye=3) ‘

CALL AALS(Xs =2,0hAmEsNoG, 990, s FIRST ¢ DEL)

AlKel4+i)=y, .

AlKe 4+ ) =DFL ’

CALL LUINE(A(L192)0Alnr1)oIs19s SYMsNG)

CALL PLOT(0,0=Yo=3)

RETURN

END

[£8)] Fi.qxe -8. Continuved
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